The documentation of reducing conditions in soils is important in the study, monitoring, and delineation of hydric soils and wetlands. Over the last decade, IRIS (Indicator of Reduction In Soils) technology has moved from the periphery into common use in hydric soils studies. Their appeal has been their ease of use and their conceptual simplicity, and IRIS technology has been approved by the uS National Technical Committee for Hydric Soils (NTCHS). Recent developments in IRIS applications have also utilized Mn oxide paint, in addition to Fe oxide paint. While IRIS technology has encompassed a variety of forms, polyvinyl chloride (PVC) tubes are used most commonly. There are, however, challenges when using traditional PVC IRIS tubes. These include: (1) difficulty in acquiring a two-dimensional image from a three-dimensional cylindrical structure; (2) abrasion or scratching of the tubes during transport and on insertion (especially in sandy or dense soil conditions); (3) expense of shipping due to their weight and size; (4) long term storage issues; (5) general environmental and/or sustainability concerns with using non-reusable plastic tubing. This paper describes a system for the delivery and installation of oxide-coated plastic films in soils. Field testing of both Fe-coated and Mn-coated devices demonstrates that data provided by films does not differ significantly from data provided by tubes. However, many of the problems and issues that have plagued the use of IRIS tubes are eliminated by use of IRIS films.
I
ndicator of Reduction In Soils (IRIS) tubes were first introduced by Jenkinson (2002) during his doctoral studies where he conceived the idea of applying an Fe oxide coating to a tube that could be installed in the soil to document microbial reduction of the Fe oxide in hydric soils (wetlands). The amount of the Fe-oxide coating that is removed represents the amount microbial reduction of Fe. After testing a variety of substrate materials and iron oxides, he concluded that a section of PVC tubing painted with ferrihydrite was the best configuration ( Jenkinson, 2002; Jenkinson and Franzmeier, 2006) . These devices could be installed vertically into a pilot hole and later extracted to measure coating loss.
Over the last decade or so, IRIS tubes have been studied, refined, and evaluated (Rabenhorst et al., 2008a (Rabenhorst et al., , 2008b . Protocols have been developed for use in hydric soil evaluations (Rabenhorst, 2008) . Improvements have also been made in quantification of the oxide coating removal (Rabenhorst, 2010 (Rabenhorst, , 2012 . Probably the most significant modification to Jenkinson's original protocol was a shift from a ferrihydrite coating (which introduced error due to poor adherance to the PVC tubing) to the use of a mixture of ferrihydrite and goethite which resulted in a durable Fe oxide coating that did not easily rub off during routine handling (Rabenhorst and Burch, 2006) . It was also recognized during this time that the Fe-
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Core Ideas
• IRIS films document reducing soil conditions.
• IRIS films perform the same as IRIS tubes.
• IRIS films permit easy acquisition of two-dimensional images.
• The IRIS film deployment system protects IRIS from abrasion or scratching.
• IRIS films require 5% of the storage volume of traditional IRIS tubes.
coated devices could be used to assess the concentration of porewater sulfide in marshes and subaqueous environments through the measurable formation of Fe sulfide minerals on the devices Vaughan et al., 2016) . During the last decade, the use of Fe-coated IRIS tubes in the study of hydric soils has moved from the periphery into the mainstream. Additionally, there has been interest in the development of Mn oxide coated tubes since the conception of IRIS. The difficulty has been with finding a Mn oxide coating that would adhere well to PVC or some other material. Work by Stiles et al. (2010) described the use of Mn-coated tubes but did not describe the method for synthesizing the Mn oxide paint, and this remained a problem for some time. Dorau and Mansfeldt (2015) were able to create PVC rods with a durable Mn oxide coating using poorly crystalline birnessite synthesized using the procedure of Händel et al. (2013) but doing so required great effort and used a procedure that was cumbersome and time consuming. Quite recently, it has been demonstrated that a durable Mn oxide coating can be attained using a much more crystalline birnessite synthesized using a high (6:1) molar ratio of Na lactate to KMnO 4 followed by centrifuge washing and 3 d of dialysis (Rabenhorst and Persing, 2017; Rabenhorst and Post, 2018) .
As IRIS tubes have become more commonly used, certain limitations have begun to be recognized. For example, to acquire images from the tubes, custom-built equipment needed to be constructed to simultaneously scan and roll the tubes across a flatbed scanner. Since the scanner has a fixed width that is smaller than the length of the tubes, multiple scans were needed which required further image processing to combine and piece together multiple image segments. Another option was visually and manually counting gridded overlays which is a very tedious hand procedure that seems entirely out of sync in the digital age (Rabenhorst, 2012) . In selected research projects, flat panels were used, which made the acquisition of 2-D images much simpler Vaughan et al., 2016) . However, these were typically heavy duty PVC plates of 3-to 8-mm thickness and were not practical for broad scale studies. Gale (2008) suggested that thin sheets or strips of materials might be used instead of the PVC pipe but there appeared to be no easy way to install the thin, flexible strips into the soil without excavation and backfilling, requiring a great deal of effort and creating significant disturbance in proximity to the device.
Other challenges associated with using IRIS tubes included their susceptibility to abrasion during transport, and especially during insertion, particularly if the soils were dry, sandy or dense. A common issue encountered by users is that the lower portions of tubes are often abraded and are thus less useful in assessing reduction. Another major issue has been the space required for storage of tubes before and after deployment. The fact that there has been no satisfactory way to easily remove the remaining Fe oxide coating after use has prevented IRIS tubes from being repainted and reused. The large quantity of waste PVC tubing leaves concerns regarding general sustainability issues. The objective of this study is to describe and evaluate a system for making and deploying oxide-coated plastic films that eliminates many of the problems and issues associated with the use of more traditional IRIS devices.
METHODS AND MATERIALS Evaluating Various Types of Films
Four types of plastic films were initially tested to see whether they might be suitable for use. These included polycarbonate, polyester, polypropylene, and PVC. The Fe oxide (ferrihydrite and goethite) paint was prepared following the method of Rabenhorst and Burch (2006) and Mn oxide (crystalline birnessite) paint was prepared following the procedure of Rabenhorst and Persing (2017) . Paint was applied to samples of the plastic films using a foam brush and was then allowed to dry. Paint applied to various types of plastic films remained evenly distributed over, and adhered well to, both the polypropylene and the PVC films, but not to the polycarbonate or polyester materials. During preliminary testing in saturated mesocosms (data not shown), some of the polypropylene films appeared to show evidence of a faint brown staining which was demonstrated to be Fe oxide. Apparently, a sufficient amount of oxygen was able to diffuse through the polypropylene film to result in the precipitation of reduced Fe as oxides on the films. There was no such staining on any of the PVC films and it was learned that the oxygen permeability coefficient is much greater (approximately 20-fold) for polypropylene than for PVC (Zeman and Kubik, 2007) . Therefore, attention was subsequently focused on the use of PVC films only as the optimal material for use. The PVC films were available in clear and opaque (white) varieties. While the paint adhered equally well to both, visibility of the paint was greatly enhanced when applied to the white films; therefore, the clear varieties were abandoned.
Plastic films are available in a variety of thicknesses, and flexible rigid PVC film is generally available in thicknesses ranging between 5 and 30 mil (0.13 to 0.76 mm). Optimal film thickness represents a balance between flexibility (obtained with thinner films, and which facilitates manipulation of the materials) and rigidity (obtained with thicker films, which helps deployed films to expand within a pilot hole providing contact with the soil.) Trial and error confirmed that PVC film of 10 mil (0.25 mm) was the optimal thickness (data not shown). Films thicker than this were not sufficiently flexible to permit adequate manipulation (rolled and inserted within tubes) for deployment. The 10-mil film was both sufficiently flexible for easy manipulation and also sufficiently rigid to provide good soil contact when expanded within the pilot holes.
Preparation of Coated Films
Films may be prepared either by coating smaller pieces of plastic film already the size for individual installation (7.6 cm by 60 cm [3 in by 24 in]) or by applying the coating to larger sheets, which are cut to the appropriate size for installation after drying (Fig. 1) . The latter procedure proved to be the most efficient and allowed more uniform application of the oxide coatings to a larger surface. The film to be coated is attached to a smooth horizontal surface (using masking tape along one edge) and the oxide suspension is applied using a foam brush, being careful to distribute the oxide coating evenly and uniformly. After drying, each sheet is cut into several films of the proper dimensions and a 6-mm hole is punched in each, approximately 2 cm from the bottom of the film (to be used later during deployment).
Deploying Films into the Soil
The basic strategy for installing the films into the soil is to a roll the film and slide it into a reusable, clear, polycarbonate tube. The tube (with the film inside) is inserted into a pilot hole, and then, using a devise to retain the film within the soil, the clear polycarbonate tube is extracted, leaving the film in place.
The first step is to load each film into a clear polycarbonate delivery tube (i. (Fig. 2B-D. ) Although not necessary, this is more easily done if a slot is cut lengthwise in the wrapping tube, and the film is placed into the slot before rolling the film. The film and the wrapping tube (Fig. 2D ) are then inserted inside of the delivery tube (Fig. 2E ) that has an inside diameter (22.2 mm [7/8 in]) larger than the wrapping tube ( Fig. 2F-G) . The smaller wrapping tube is then extracted (Fig. 2H) , leaving the coated film inside the larger diameter delivery tube (Fig. 2I) . The coated film expands to the diameter of the delivery tube where it remains secure until it is deployed.
Once the coated plastic films have been loaded into delivery tubes they are ready for deployment. To begin, a pilot hole is made in the soil that has the same diameter as the outer diameter (25.4 mm) of the delivery tube into which the coated plastic films have been loaded (Fig. 3A) . This can be done with a standard soil push probe. It has proven useful for the pilot hole to extend a couple of inches beyond the depth to which the film will be installed, so that if some material falls to the bottom it does not interfere with film installation. A push rod (approximately twice the length of the delivery tube) with an extruding snag or hook is then inserted down the inside of the delivery tube containing the film and is hooked through the small hole in the film that had been previously punched (Fig. 3B ). This can be facilitated by slipping a small pocketknife or spatula blade between the film and the delivery tube near where the hole is punched. With the push rod snag inserted through the hole in the film, and with the push rod and delivery tube held firmly together (to prevent movement and sliding of one relative to the other), both the delivery tube (containing the film) and the push rod (with the hook through the hole in the film) are inserted together down into the pilot hole until the line on the film is even with the soil surface (Fig. 3C) . Then, using the push rod to keep the plastic film from moving, the delivery tube is removed from the soil by pulling it up and sliding it over the coated plastic film which remains at the same (unmoved) location within the soil ( Fig. 3D) . The empty delivery tube is pulled vertically until it is entirely above the ground surface and above the film. The push rod can then be extracted from the pilot hole leaving the coated plastic film in place within the soil. When the delivery tube is extracted, the rigid film then expands to the diameter of the pilot hole ensuring contact between the coated film and the soil.
Field Testing
The system was field tested at two sites during the spring 2017 season. One site was on the Delmarva Peninsula in Caroline County of Maryland (where two sets of devices were deployed sequentially) and the other was within the inner Coastal Plain on the Western side of Chesapeake Bay in Prince Georges County of Maryland (where a single set of devices was deployed). At both sites, water tables were measured twice daily using Odyssey capacitance water level recorders. Soil temperatures were measured at 2 h intervals at depths of 10 and 30 cm (at the Caroline County site) or at 25 cm (at the Prince Georges County site) using Hobo pendant loggers secured within waterproof containers. At each site, five Fe-coated tubes and five Mn-coated tubes were deployed (on March 7 and April 11 at the Caroline County site and on April 18, at the Prince Georges County site), following standard protocols (Rabenhorst, 2008) . At the same times and locations, five Fe-coated films and five Mn-coated films were also deployed as described above. Tubes and films were extracted after one month (Rabenhorst, 2008) .
Upon removal, tubes and films were gently rinsed in a basin of water to remove any adhering soil material and allowed to air dry. Tubes were photographed and were also scanned using a specially adapted flatbed scanner that rolls the tubes to keep them directly above the scanning head as it moves (this gives an undistorted 2-D image from the cylindrical surface of the tubes). Because the maximum width of the scanner is 21.5 cm, the tubes were scanned in three sections (to capture the full 50-cm length of the devices) and these were later joined together using Photoshop software. The films were also photographed, and those images were cropped using Photoshop. The color images were then converted to grayscale (also in Photoshop) and were then analyzed using ImageJ image analysis software (Schneider et al., 2012) . The threshold tool (Image > Adjust > Threshold) was used to distinguish areas where the oxide coatings had been substantially removed and the binary images generated were compared with the original color images to ensure concordance between them. The ImageJ analysis tool (Analyze > Measure) was applied to the binary image to quantify the percentage of surface coating that had been removed.
The effects of device type (film vs. tube) as well as coating type, on the quantity of paint removed from each device, were examined using ANOVA applied through JMP software (SAS Institute, 2014) . When identified, significant differences were distinguished among treatments using Student's t test.
RESuLTS AND DISCuSSION

Field Testing
Water table and temperature data for the Caroline County site are shown in Fig. 4 . The average soil temperatures for the first deployment period were low (8.6°C) and, as expected, were substantially warmer during the second deployment (average temperatures at 10 and 30 cm were 14.3°C and 13.7°C, respectively). Water table and temperature data for the Prince Georges County site are shown in Fig. 5 . Soil temperatures were relatively warm with the average temperature remaining very near to 15 degrees.
Images of films and tubes and data from the Caroline County site (first deployment) are shown in Fig. 6 and 7 and those for the Prince Georges County site are shown in Fig. 8 and  9 . A visual examination of the devices in these figures suggests a great deal of similarity in the performance of the films and the tubes. A quick visual examination also suggests that a great deal more of the Mn oxide coating was removed (Fig. 7) than was the Fe oxide coating (Fig. 6 ) (also seen in Fig. 9 ). On the Mn films and tubes, areas with colorations of light brown were observed ( Fig.  7 and 9 ). These brown areas were not (as we originally thought) locations where the Mn coating had been partially removed, but rather, where the Mn coating had been entirely removed and subsequently, Fe oxides were reprecipitated. This was confirmed by soaking similar devices in 0.1 mol L -1 hydroxylamine HCl, which quickly dissolves all Mn oxides but leaves these brown Fe oxide areas unaltered. In fact, the similar brush stroke pattern of the new faint Fe oxide coatings suggests a linking between the reduction of the Mn oxide and the simultaneous re-precipitation of the Fe oxide likely caused by the oxidation of Fe 2+ in solution.
The quantity of oxide coatings removed from the two different types of IRIS devices and the two different coatings are presented in Fig. 8 . The removal of the Mn oxide coating was significantly greater than the removal of the Fe oxide coating (ANOVA; p < 0.0001). This corresponds with general expectations that Mn oxides are more easily reduced than are Fe oxides (Dorau et al., 2016; Rabenhorst and Persing, 2017) . No significant differences were observed in the proportion of oxide coatings removed from IRIS films vs. IRIS tubes (ANOVA; p = 0.33). This should not be surprising since the two types of devices are comprised of the same materials (identical oxide paints applied to the same type of plastic, PVC). This supports the expectation that the information obtained from the use of IRIS technology should be the same, regardless of whether one utilizes PVC tubes or PVC films.
Results from the Prince Georges County site were a little more complex. Initial comparisons between the Fe coated tubes and films demonstrated that significantly more Fe paint was removed from the tubes than the films (Fig. 9) . Visual examination of the images, however, suggested that the lower half of the tubes had experienced substantial abrasion as evidenced by distinct vertical patterns and increasing (nearly complete) removal of the paint toward the bottom of the tube. When analyses were performed on both the upper and lower halves of the tubes, the proportion of paint removed from the upper half of the tubes and films was essentially the same (26%). The amount of paint removed from the lower half of the tubes (73%) however, was much greater than that removed from the films (30%). The subsoil at this site seemed unusually dense during deployment of the devices and apparently this resulted in a substantial amount of paint being removed by physical abrasion when the tubes were inserted into the soil. In contrast, during the deployment of films, the coated surfaces were protected by the delivery tubes while the devices were inserted into the soil. Analysis of the films suggests that there was, in fact, no difference in the amount of paint removed from the upper or lower halves of the devices. The Mn oxide coating was nearly completely (>95%) removed from both the films and the tubes at the Prince Georges County site, and when the full length (50 cm) of the devices were considered, there were no significant differences in the amount of Mn paint removed. It is possible that there was also abrasion from the lower half of the Mn coated tubes, but because essentially all the Mn coating was stripped by reduction (as shown on the films) effects of abrasion on the tubes could not be confirmed and there was no significant difference from the bottom half of the devices. When comparing the upper halves of the devices, there was slightly more paint removed from the tubes (99.3%) than from the films (95.4%), but although the ANOVA suggested this as statistically significant (p = 0.02), we would assert that this minor difference is not meaningful. In fact, when only the 0-to 25-cm increments of the Mn-coated tubes and films are compared directly using a t test, they are not significantly different (p = 0.13).
CONCLuSIONS
A system has been developed for making and deploying oxide-coated PVC (IRIS) films. The manufacture of the films is relatively straightforward. The deployment of the films is a little more involved than that of traditional IRIS tubes, but still is not difficult. The data presented in this paper demonstrate that IRIS films perform essentially identically to IRIS tubes. During the development and testing of these devices, however, several benefits of IRIS films were noted. Perhaps the most obvious benefit is the ease with which two-dimensional images may be obtained from the coated plastic films. The difficulty in obtaining such images from the cylindrical tubes (or rods) has long been problematic. It is trivial to obtain digital images from the flat films, and these digital images are not only easy to acquire, but also easy to store and to analyze. A second benefit is that once the coated plastic films have been prepped for deployment (loaded into the polycarbonate delivery tubes) they are protected against scratching or abrasion during transport. A third (and related) benefit is that during the insertion of the coated plastic films into the soil, the delivery tubes provide protection against abrasion (such as commonly occurs in sandy or dense soils). As a result, the amount of scratching of the coated films is generally much less than occurs on coated tubes. A fourth benefit to using films, rather than tubes or rods, is that the weight of one oxide coated plastic film is only approximately one eighth (12.3%) that of PVC tube (0.5-in schedule 40) and is approximately one eighteenth (5.5%) the weight of a PVC rod with the same outer diameter (0.84 in) as suggested by Dorau and Mansfeldt (2015) . The transport of devices becomes much easier and the cost of shipping (when needed) becomes far less for the films than for the PVC tubes or rods. A fifth benefit to the use of films is that the space required to store the coated plastic films is only a tiny fraction (~4.3%) of that required to store the PVC tubes or rods. A sixth and related benefit is that in contrast to traditional coated PVC tubes that can be used only once, the system for deploying films has delivery tubes that are completely reusable. Therefore, the quantity and volume of non-reusable plastic is far less. This makes the use of films a much more sustainable and green technology in comparison with traditional IRIS tubes.
ACKNOWLEDGMENTS
I am indebted to Evan Park for his assistance during the field and laboratory aspects of this work. I especially appreciate his helpful attitude, his careful and energetic efforts, and his conscientious mo deployment period (B, D) . There appeared to be substantial abrasion of the Fe coating from the lower halves of the tubes which did not occur when the films were deployed using protective delivery tubes. Because so much of the Mn oxide coating was removed even from the films (by reduction), abrasion of the Mn oxide coating, while likely, could not be confirmed.
attention to detail. I am also appreciative of Piotr Kulczakowicz and Doug Humphrey, for their enthusiastic encouragement to press forward and not to be constrained by present realities. I am also grateful to Gary Jellick for his willingness to be a sounding board and provide feedback along the way, and for his ever-practical perspective. In their own ways, each of these individuals have contributed significantly to this publication, and for that I wish to publicly say thank you.
